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A heterogeneous Fenton-like reaction was investigated in this study
using FesO4 nanoparticles/polyvinylidene fluoride macrospheres for the
degradation of methylene blue (MB). MB dye is one of the most
common contaminants found in industrial wastewater, and its
degradation is considered critical from both an environmental and public
health perspectives. In this work, using Response Surface Methodology
coupled with the Box-Behnken Design, a systematic investigation on the
effects of the initial pH, catalyst loading, and H202 dosage on
degradation efficiency was performed. The obtained optimal conditions
were pH 7, catalyst loading of 10 g/L, and dosage of H202 at 10 mM,
which resulted a maximum degradation efficiency of 99.94%. The
results showed that the efficiency of the Fenton-like reaction was
obviously favoured by neutral pH, making a good balance between
hydroxy! radical generation and catalyst stability. According to the
ANOVA results, initial pH, catalyst loading, and H202 dosage are
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DOl: . significant factors, and among those three, pH is the most critical one.
10.24191/esteem.v20iSeptember.18 Validation experiments demonstrated the predictive accuracy of the
60.91828 model, showing small percentage errors between experimental and

predicted values.

1. INTRODUCTION

The presence of organic dyes in wastewater is complex and has significant implications for achieving the
Sustainable Development Goals (SDGs) [1]. This issue is intricately linked to SDG 6 (Clean Water and
Sanitation) because the release of these pigments degrades water quality, exacerbates pollution, and affects
the accessibility of freshwater resources [2]. It is essential to address the environmental impacts of organic
dyes to promote environmental sustainability, protect human health, and attain economic success, as
outlined in the 2030 Agenda for Sustainable Development.

Methylene Blue (MB) is a cationic dye with extensive use in the textile, printing, and pharmaceutical
industries due to its striking color and persistence [3]. However, the broad utilization of this chemical
originates concerns regarding its potential health and ecological impact. MB is considered to be
carcinogenic and mutagenic, hence, it leads to doubts about human beings exposed to it [4]. It has been
observed that long-term exposure to MB through ingestion, inhalation, or skin contact causes hazardous
health issues such as skin irritation, respiratory disorders, and potentially carcinogenic properties [5].
Regulatory agencies have thus imposed strict limits on the levels of MB in consumer products and at the
wastewater discharge level to ensure public health safety [6]. There is thus a strong need for effective
treatment methods for wastewater and stringent regulations to reduce the environmental impacts of MB
contamination. Several physical, chemical, and biological methods have been investigated to solve the
problem of MB dye pollution in wastewater.

Physical methods involve the removal or separation of MB from water by adsorption onto activated
charcoal or by membrane filtration [7-8]. Chemical methods involve the chemical degradation of MB into
less harmful products; AOPs have proven very effective in degrading organic pollutants like MB [9]. The
generated *OH radicals are highly reactive in AOPs, thus decomposing MB molecules into smaller, less
toxic species. Fenton and Fenton-like reactions are among the most common chemical methods studied for
the degradation of MB, as they generate *OH radicals under mild conditions [10].

Employing iron-based catalysts, such as ferrous sulphate (FeSO.), these reactions decompose H20- to
produce *OH radicals [11]. Chemical methods have promising potential for tackling MB dye pollution and
thus find their application on a broad scale in wastewater treatment. Iron oxide nanoparticles, particularly
Fes04 nanoparticles, have demonstrated potential as catalysts for heterogeneous Fenton-like reactions in
wastewater treatment [12].

These nanoparticles exhibit excellent catalytic properties, which allow the formation of *OH radicals,
an essential step in Fenton-like reactions [13]. However, one of the major challenges is that they tend to
aggregate, which reduces their catalytic activity and colloidal stability in aqueous media [14]. Aggregation
is due to electrostatic interactions, van der Waals forces, as well as surface chemistry [15-16]. The
application of polymer matrices to stabilize the nanoparticles and avoid their agglomeration has also been
investigated by scientists. Entrapment of iron oxide nanoparticles into polymeric matrices, more exactly
poly-vinylidene fluoride PVDF macrospheres, will immobilize the nanoparticles for enhancing their
reusability in wastewater treatment due to additional durability [17-18].

This novel technique enhances catalysis efficiency, and the ease of retrieval and reuse, thus promoting
sustainable and eco-friendly approaches towards wastewater treatment [19]. The incorporation of
nanoparticles into a polymeric matrix has two advantages: it enhances synergistic interactions and
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diminishes the release of nanoparticles into treated water [20]. This technique is suitable for large-scale
engineering applications and offers a flexible and cost-effective solution to water pollution.

Although Fes;O4 nanoparticle/PVDF macrospheres have the ability to degrade pollutants through
heterogeneous Fenton-like reactions, there is a lack of information in the literature regarding the
optimization of reaction conditions. The degradation efficiency is greatly influenced by the catalyst dose,
pH, and concentration of H,O,. However, the optimal values for these factors have not yet been identified
[21]. Response Surface Methodology (RSM) in conjunction with Box —Behnken design (BBD) effectively
overcomes this deficiency by methodically optimizing the reaction parameters [22]. RSM facilitates a
systematic examination of response surfaces, which allows the identification of nonlinear relationships
between variables and responses. It also helps establish ideal conditions with the least number of
experiments [23]. The Box-Behnken design improves the efficiency of experiments by examining the
response surfaces with a restricted number of trials, thereby enabling the development of a second-order
polynomial model for predicting answers [24].

The main aim of the present study was the use of Response Surface Methodology and Box-Behnken
design in order to maximize the breakdown of Methylene Blue dye, employing FezO4 nanoparticles/PVDF
macrospheres through a Fenton-like reaction. This work will serve to highlight the most optimal conditions
for pollutant removal by means of precise manipulation of catalyst dosage, pH, and H,O, concentration.
The RSM method is outstanding for the development of complex systems with multiple variables and for
reducing the number of necessary experiments [25-26]. The use of Response Surface Methodology (RSM)
and the Box-Behnken design (BBD) enabled the methodological optimization of reaction conditions
through a comprehensive investigation of the parameters that influence the efficiency of MB deterioration.

2. MATERIALS & METHODS

2.1 Materials

All the chemicals and reagents used in this study were of analytical grade and used directly without
further purification. FeClz*6H20 (97% purity, ACS reagent grade) and ammonium hydroxide solution (28%
NHs; in H20) were obtained from Sigma Aldrich. The compound that is derived from QREC was Iron(II)
sulfate heptahydrate (FeSO4+7H,0), purity of 99.5% (analytical reagent grade). A 35% pure (chemically
pure grade) hydrogen peroxide (H20) was obtained from R & M Chemicals. Denatured absolute ethanol
(C2HsOH) with 99.7% purity was acquired from Fine Chemicals. Sigma Aldrich supplied Poly (vinylidene
fluoride) (PVDF) with a molecular weight of ~ 534,000. Meanwhile, Fisher Scientific (M) Sdn Bhd
provided the Dimethyl sulfoxide (DMSO) solvent. The sodium dodecyl sulphate (SDS) used in this study
was obtained from Merck, Germany, and was approximately 95% pure, as determined by the total alkyl
sulfate concentration. The MB dye (Sigma) was of analytical grade. The studies utilized Milli-Q deionized
water with a resistivity of 18 MQ-cm obtained from a potable water source. Water was collected using a
PureLab Option-Q system.

2.2 Synthesis of FesO4 nanoparticles

Fes304 nanoparticles were produced using a widely accepted coprecipitation technique in a controlled
environment [27]. The experimental procedure consisted of creating an oil bath by adding 1 kg of palm oil
to a stainless-steel bowl. Afterwards, a nitrogen gas pipeline was attached to a 250 mL three-neck flask that
held approximately 70% (175 mL) of deionized water. Next, FeSQ, - 7H,0 (2.7802 g) and FeCls - 6H,0
(5.8115 g) were dissolved in deionized water in a flask. This resulted in a molar ratio of 1:2 between FeSO4
- 7TH20 (0.01 moles) and FeCls - 6H,0 (0.02 moles). The solution was vigorously blended while heated to
80 °C with constant stirring under a continuous flow of N gas. Once the desired temperature was reached,
the rapid addition of 20 mL NH4OH solution caused a noticeable colour change from brown to completely
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black. The solution was then vigorously agitated for an additional 10 min, after which the flow of N, gas
was stopped and the solution was naturally cooled to room temperature. The formed black precipitate of
Fes04 nanoparticles was separated by centrifugation at a speed of 2700 rpm for 10 min. Then, the solid
particles were washed throughly with 20 mL of ethanol and 20 mL of deionized water until the pH dropped
from 9 to 6, thus removing any residual ionic impurities. At last, the FesO4 nanoparticles were dispersed in
deionized water for future use and investigation.

For the preparation of the PVDF solution, 10 g of PVDF powder was dried in a vacuum oven at 25 °C
for 5 h. After this process, dehydrated PVDF powder was dissolved in 90 g of DMSO in a beaker. A sensor
tip of a thermometer was inserted into the solution to monitor any fluctuation in the temperature. Following
the addition of the PVDF powder, the mixture was immediately sealed with Parafilm and constantly stirred
at 250 rpm. The mixture was then heated from ambient temperature to 60 °C at 10 °C/min and then held
for 60 min at this temperature with constant heating to ensure the formation of a homogeneous solution.
Afterwards, the solution was cooled to 40 °C andleft undisturbed overnight while continuously stirring at
150 rpm. This was taken to minimize the formation of trapped air bubbles.

The FesOs nanoparticle/PVDF solution was obtained by adding 0.15 g of synthesised FesOs
nanoparticles into 30 g of the PVDF polymer solution. The addition was done in a particular order to ensure
the best dispersion. First, all the FesO4 nanoparticles were uniformly distributed in a 10 g PVDF solution
in a 20 mL glass vial by highly energetic sonication for at least 20 min to ensure total dispersion. The
homogeneous nanoparticle-PVDF solution was then gradually incorporated into the remaining PVDF
solution under the application of sonication for another 30 min. Successive processes were guintessential
for ensuring proper distribution of the nanoparticles within the polymeric solution, thereby maintaining
future experimental procedures' consistency and reliability.

Fes04 nanoparticle/PVDF macrospheres were fabricated by using the phase inversion method. Firstly,
Fes0, nanoparticle/PVVDF solution was sonicated for 10 min. Then it was extruded from a syringe needle,
size 27G (with diameter of 0.4 mm) at controlled pumping speed about 1.0 mL/min by a Peristaltic Pump
(KFS series, Kamoer, China). To induce macrosphere development, the polymer solution was gradually
and slowly added to droplets in the coagulation bath prepared by dissolving 0.5 wt. % of sodium dodecyl
sulphate (SDS) in deionised (DI) water. Since it is often observed that the microcapsules tend to build up
or cluster in one particular region, the coagulation bath was manipulated manually. The macrospheres were
left in a coagulation bath overnight to ensure total solidification and remove the residual solvent. The
macrospheres were then collected from the coagulation wash and stored in a desiccator for further analysis.

2.3 Degradation of methylene blue dye (MB) procedures

Methylene blue was used as the representative dye pollutant for evaluating the catalytic performance
of Fes0,4 Nanoparticles/PVDF Macrospheres. MB degradation was investigated by the Fenton-like method.
Further tests were conducted to ensure that the results were reliable and consistent. Each trial consisted of
glass vials containing 15 mL of solution with an initial dye concentration of 100 ppm. Subsequently, 5 mL
of hydrogen peroxide was added to the solution and stirred at 30 rpm in order to ensure through mixing.
The batch experiments were carried out by adding the FesO4 nanoparticle/PVDF macrospheres to a solution
and swirling it at a speed of 80 rpm. All experiments commenced right after adding the nanoparticles at
room temperature conditions. Stirring was assisted with the use of a SCILOGEX Analogue Tube Rotator,
USA. The dosage of Fe304 nanoparticle/PVDF macrospheres varied within the range of 5 to 15 g/L,
whereas the amount of hydrogen peroxide was in the range of 10-30 mM. The experimental temperature
was approximately 30 °C. The pH was initially adjusted in the range of 3to 7.

After the reaction, the separation of FesOs nanoparticles/PVDF macrospheres was done using a
neodymium boron ferrite cylindrical magnet from outside, with its surface magnetization approximately
equal to 6000G (Ningbo YuXiang E&M Int'1 Co., Ltd.). Spectrophotometric analysis was conducted on a
UV-Vis C-7200UV instrument (China). The absorbance was read at a maximum wavelength of 664 nm,
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both initially and after 3 h of testing. The measurements were then compared with a preexisting standard
calibration curve to calculate the concentration of MB. After that, 0.2 mL of the reaction solution was
extracted and then analyzed by UV—vis spectroscopy.

2.4 Box-Behnken design

Response Surface Methodology (RSM) is a useful approach for optimizing the interaction of different
parameters to obtain the best results. One significant benefit in this context is the utilization of the Box-
Behnken design (BBD) [28]. This design process is particularly advantageous when working with
incomplete factorial designs with four levels. BBD utilizes mathematical models that incorporate the
coefficients of both the first and second degrees. A quadratic model forms the basis for
estimatingparameters by developing a relationship between the experimental factors and the observed
results. The relationship is empirical and of the second-order variety [29].

For instance, consider an objective that aims at the optimization of MB decolorization effectiveness,
which would be centered on three factors: the amount of catalyst used, initial pH, and H,O, concentration.
This approach was followed by trials for each of these elements at three different levels: -1, 0, and +1. The
RSM allows the researcher to efficiently search the problem space and, hence, provides valuable insights
into the development of optimal solutions tailored to specific conditions [30].

3. RESULTS AND DISCUSSION

3.1 Dye degradation and model fitting

In this work, RSM was applied to investigate the optimization of the relationship between many
independent variables and the values of some important parameters by BBD. The experimental data was
checked for correctness and efficiency using the Design-Expert program, version 13. This methodology is
widely applied in the investigation of a wide range of processes, such as the discoloration of MB. All the
experiments in our study were designed based on Response Surface Methodology, RSM, which effectively
reduces the cost and time needed for the processes.

We studied the effects of three major factors, initial pH (A), catalysts (B), and H,O, dosage (C), on MB
degradation. In total, seventeen trials were conducted in duplicate to assist in the statistical modeling of the
studies. The independent variables were assessed at two levels: low (-1) and high (+1). Table 1 illustrates
the experimental ranges of independent variables.

Table 1. Experimental Design Using the Box—Behnken Method: Variable Settings and Levels

Range of levels

Variables Units

-1 (minimum) 0 (median) +1 (maximum)
Initial pH (A) 3 5 7
Catalyst loading (B) g/L 5 10 15
H,0, dosage (C) mM 10 20 30

Response Surface Methodology (RSM) was used to statistically analyze the processes, explore their
interactions, and optimize the procedures. The Box-Behnken design (BBD) model evaluates three
independent variables, and their responses are summarized in Table 2. The results revealed significant
variability in the ((MB) decolorization efficiency under different experimental conditions. The highest
decolorization efficiency of 99.77% was achieved at an initial pH of 7, a catalyst loading of 10 g/L, and an
H,0, dosage of 10 mM (Run 4). This indicated that a neutral pH significantly enhanced the efficiency of
the Fenton-like reaction. At pH 7, the generation of hydroxyl radicals, which are the primary reactive
species in the Fenton-like reaction, was maximized.
https://doi.org/ 10.24191/esteem.v20iSeptember.1860.91828
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Additionally, the FesO4 catalyst remained stable within the PVDF porous macrospheres, reducing the
likelihood of iron leaching, which is a significant issue under acidic conditions [18]. The stability of the
Fes04 nanoparticles at this pH ensures consistent catalytic activity, facilitating a more efficient degradation
process [31]. Furthermore, a neutral pH balances H,O, availability and hydroxyl radical generation,
optimizing the reaction for maximum dye degradation [32].

Conversely, the lowest efficiency of 92.68% occurred at an initial pH of 3, a catalyst loading of 5 g/L,
and H20- dosage of 20 mM (Run 15). Acidic conditions likely do not favor degradation. At lower pH levels,
excessive hydroxyl radical generation can lead to rapid consumption, decreasinge availability for MB
degradation [33]. Moreover, acidic conditions can enhance iron leaching from Fe3;O4 nanoparticles, thereby
reducing their catalytic activity and stability [34]. The lower catalyst loading further exacerbates the
inefficiency due to to fewer active sites, and a higher H>O, dosage causes a scavenging effect, decreasing
the overall degradation efficiency [33].

Runs at the central point (pH 5, catalyst loading of 10 g/L, and H.0, dosage of 20 mM) consistently
resulted in approximately 94.05% decolorization efficiency. Although these conditions provide stable
results, they are not optimal for achieving the highest degradation efficiency. The central point conditions
suggest that a moderate pH and catalyst loading can maintain a steady reaction environment; however, the
balance is insufficient to maximize hydroxyl radical generation and utilization. The median H»O, dosage,
although providing reasonable oxidative power, still risks the scavenging effect if it is not perfectly
balanced with radical generation. Fine-tuning each parameter is essential to achieve maximum dye
degradation efficiency.

Based on the data in Table 2, it can be inferred that the quadratic model is the most suitable
mathematical model. Therefore, the final equation that considers the coded factors is given by Eq. (1)
follows:

MB decolorization = 94.0498 + 2.15992A + 0.845081B + -0.779487C + -0.731461AB +
@
-0.124208AC + 0.0776785BC + 1.8173A% + 0.810416B2 + 0.93714C?

A, B, and C correspond to the initial pH, catalyst loading, and H,O, dosage, respectively. Equations built
using the encoded factors can be utilized to make predictions about the behavior of a particular level of
each factor. The factors are typically assigned a code of +1 for higher values and -1 for lower values. The
encoded equation can also be used to evaluate the relative importance of variables by comparing the factor
coefficients.

The equation demonstrates that the positive coefficient for the initial pH value (2.15992) emphasizes
the substantial influence of pH on the effectiveness of degradation. This indicates that a pH value of 7,
which is considered neutral, offers ideal conditions for this process. The efficiency was positively
influenced by the catalyst loading (0.845081), but to a lesser degree. This suggests that higher quantities of
Fe304 nanoparticle/PVDF macrospheres improve the degradation process until they reach an optimal value.
On the other hand, the negative coefficient for H,O, dose (-0.779487) indicates that increasing the amount
of H.0, may decrease the efficiency. This is likely because the excess H-0, consumes hydroxyl radicals
without contributing to dye degradation, which is known as the scavenging effect.

The interaction terms AB (-0.731461) and AC (-0.124208) suggest that the combined changes in these
parameters result in a modest decrease in efficiency. The presence of optimal ranges for each factor is
indicated by the positive quadratic terms (A%, B?, and C?), with the quadratic influence of starting pH
(1.8173) being the most important.
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Table 2. Actual Experimental Results Obtained through a Box—Behnken Design

Factor A Factor B Factor C Experimental response
Run Acinitial pH B:Catalyst loading C:H,0, dosage MB decolorization
mg/L mM %
1 1 0 1 98.25
2 0 0 0 94.05
3 0 -1 1 94.26
4 1 0 -1 99.77
5 0 0 0 94.05
6 -1 1 0 96.45
7 1 1 0 99.21
8 0 0 0 94.05
9 1 -1 0 98.37
10 -1 0 1 94.09
11 0 1 1 95.49
12 -1 0 -1 95.11
13 0 0 0 94.05
14 0 -1 -1 96.26
15 -1 -1 0 92.68
16 0 0 0 94.05
17 0 1 -1 97.18

3.2 Analysis of variances (ANOVA) and regression analysis

Response Surface Methodology (RSM) was employed to optimize the examination of the relationship
between various independent variables and the values of important parameters using the Box-Behnken
design (BBD). The experimental data was evaluated for correctness and efficacy using the Design-Expert
program (version 13). The importance of the quadratic model was confirmed by analysis of variance
(ANOVA) [22]. Table 3 demonstrates the variables that affect the effectiveness of methylene blue (MB)
degradation through a heterogeneous Fenton-like reaction using FesO. nanoparticles/PVDF macrospheres.
The model's robudtness is demonstrated by an F-value of 60.14 and a p-value of less than 0.0001.

The initial pH had the highest impact, as indicated by a sum of squares value of 37.32, an F-value of
278.76, and a p-value of less than 0.0001, highlighting its critical involvement in Fenton-like reactions. A
neutral pH of 7 ensures the optimal production and stability of hydroxyl radicals, thereby maximizing
degradation efficiency. According to the literature, it is commonly observed that the ideal pH for this
phenomenon is typically falls within the range of neutral to slightly acidic, as reported in reference [31].
Within this specific pH range, the generation of hydroxyl radicals is optimised, and the catalytic efficiency
of the FesO, nanoparticles reaches its highest point, resulting in the most efficient decomposition of
methylene blue. Conversely, if the pH is too low, it can result in the excessive dissolution of iron, leading
in side reactions and a decrease in catalytic effectiveness [18], [34]. The relevance of pH is related to its
influence on the formation of hydroxyl radicals, which are crucial for the degradation process [33].

The deterioration is considerably influenced by the catalyst loading, as indicated by a sum of squares
value of 5.71, an F-value of 42.67, and a p-value of 0.0003. Optimal catalyst loading ensures an ample

number of active sites for reactions. Nevertheless, the presence of the quadratic term (B2) suggests a
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nonlinear impact, whereby an excessive amount of catalyst leads to the aggregation of nanoparticles,
resulting in a decrease in surface area and catalytic efficiency [35]. Excessive loading might result in mass
transfer limits, which in turn reduces efficiency [36].

The dosage of hydrogen peroxide impact deterioration, as indicated by a sum of squares value of 4.86,
an F-value of 36.31, and a p-value of 0.0005. The optimal concentration of H,O, is crucial because it acts
as a source of hydroxyl radicals. The presence of the quadratic term (C?) indicates that an excessive amount
of H20; can lead to scavenging effects, which in turn reduce the availability of hydroxyl radicals for
degradation [31]. This phenomenon of scavenging has been recorded in the literature.

The correlation between the initial pH and catalyst loading (AB) was statistically significant (F-value
15.98, p = 0.0052), suggesting that both parameters should be optimized to achieve the best degradation
results. However, the lack of significant interactions between pH and H.O, dosage (AC) and between
catalyst loading and H,O; dosage (BC) indicates that the relationship between these factors does not have
a major impact on the degradation of MB within the range of the study. The BC interaction may be
attributed to the saturation of the catalyst sites. When the catalyst loading is increased, there is a sufficient
number of active sites on the FesO4 nanoparticles to effectively use the H,O; that is present. When the
amount of H,O; is increased beyond a specific threshold, it has no major impact on the reaction because
the catalyst is already fully saturated. In the case of AC contact, it has been previously stated that the
reaction is pH-dependent, meaning that the initial pH level is a crucial component that affects the
effectiveness of the Fenton-like reaction. If the reaction is carried out at an optimum pH, variations in the
H»0, dosage may not have a significant influence because pH dictates the efficiency of hydroxyl radical
generation.

The residual sum of squares is 0.9372, and the mean square of the residual is 0.1339, suggesting that
the model fits well with the experimental data. The lack-of-fit test, with a p-value greater than 0.05, verifies
the model's adequacy and the random distribution of residuals, thus verifying the model's predictive power
[37]. These data highlight the significance of optimizing the starting pH, catalyst loading, and H-O. dosage
to achieve the effective degradation of MB. The observed influence of the starting pH is consistent with
prior research on ideal Fenton reactions, which often occur at pH levels ranging from slightly acidic to
neutral [34]. The beneficial impact of increasing the catalyst loading until aggregation underscores the
necessity for meticulous optimization [38]. With the exception of AB, the limited importance of interaction
terms streamlines the optimization process by prioritizing the most relevant parameters, thereby easing
practical implementations.

Following is the result of the regression analysis of the ANOVA, represented in Table 4, which affords
deeper insight into model accuracy and predictive ability concerning the description of MB degradation
effectiveness. The focus will be on some key indicators like standard deviation, mean, C.V.%, R?, adjusted
Rz, predicted R?, and acceptable levels of precision. Each of these indicators provides vital information
regarding the strength and dependability of the quadratic model utilized in this investigation. The standard
deviation (SD) of 0.3659 was the average difference between the observed and fitted values. A low standard
deviation indicates a close alignment between the model predictions and the experimental data,
demonstrating a high level of precision in the model. The low value of residuals indicates that there is
minimal variation in the degradation efficiency of MB, which further confirms the accuracy of the model
in capturing this variability [28].

The R2 value of 0.9872 signifies that 98.72% of the variation in MB degrading efficiency can be
accounted for by the model. The high R2 value indicates the model's great ability to explain and capture the
link between the inputs (starting pH, catalyst loading, and H.O, dosage) and the response variable. The
adjusted R2 score of 0.9708, which considers the number of predictors in the model, is little lower but still
indicates a strong level of fit. This indicates that the model maintains its strength even when accounting for
the number of factors included, hence demonstrating its appropriateness for predicting the efficiency of MB
deterioration.
https://doi.org/ 10.24191/esteem.v20iSeptember.1860.91828
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The forecasted R? value of 0.7957, although lower than the modified R2, nevertheless suggests a
satisfactory level of predictive precision. This metric quantifies the model's capacity to accurately forecast
new observations, serving as an indicator of the model's ability to apply to unfamiliar data. While the
predicted R2 value is not as high as the R2 and adjusted R? values, a value near to 0.8 indicates that the
model is capable of accurately predicting the efficiency of MB deterioration under various experimental
settings. However, there is still potential for enhancing the accuracy of these predictions [26].

Table 3. ANOVA results for the quadratic model

Source Sum of Squares df Mean Square F-value p-value
Model 72.46 9 8.05 60.14 < 0.0001 significant
A-initial pH 37.32 1 37.32 278.76 < 0.0001
B-Catalyst loading 571 1 571 42.67 0.0003
C-H,0, dosage 4.86 1 4.86 36.31 0.0005
AB 214 1 214 15.98 0.0052
AC 0.0617 1 0.0617 0.4609 0.5190
BC 0.0241 1 0.0241 0.1803 0.6839
A? 13.91 1 13.91 103.86 < 0.0001
B2 2.77 1 2.77 20.65 0.0027
c2 3.70 1 3.70 27.62 0.0012
Residual 0.9372 7 0.1339

Lack of Fit 0.9372 3 0.3124

Pure Error 0.0000 4 0.0000

Cor Total 73.40 16

Table 4. Regression analysis of the ANOVA

Std. Dev. Mean CV.% R2 Adjusted R? Predicted R? Adeq
Precision
0.3659 95.73 0.3822 0.9872 0.9708 0.7957 24.6824

3.3 Response surface analysis

The three-dimensional surface and contour plots illustrate the relationship between the initial pH and
catalyst loading at constant H,O, dosages, as shown in Fig. 1(a) and Fig.1 b). It can be observed from these
graphical representations that higher levels of both pH and catalyst loading increased MB decolorization.
The pronounced curvature of the response surface indicated that both variables had significant effects. As
pointed out by Song et al.[10], optimum decolorization was achieved with both high pH and catalyst dosage.
Their findings showed that Fes04 nanoparticles became more effective for dye degradation at high pH
values because of the better dispersion and stability of FesO4 NPs. Fig. 1(c) and Fig. 1(d) present the
relationship between the initial pH value and H,O, dosage while maintaining a constant catalyst dosage.
The surface plot highlights that the efficiency of decolorization was significantly affected by both the pH
level and dosage of H»O,. In essence, an increase in pH, combined with a moderate increase in H,O, dosage,
favors effectiveness. In addition, excess hydrogen peroxide (H20;) has adverse effects on efficiency owing
to its scavenging effects, according to Pignatello et al. [39]. The contour plot indicates that optimal
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decolorization is attained with a high pH value coupled with a moderate amount of H,0,, stressing the
importance of sustaining an appropriate balance.

MB decolorization (%)

a) b)
3 g
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Fig. 1. Contour graphs of MB degradation highlighting (a) and (b) the relationship between the initial pH and catalyst
loading with constant H202 dosage, (c) and (d) the relationship between the initial pH and H202 dosage with constant
catalyst loading, and (e) and (f) the relationship between catalyst loading and H202 dosage with constant initial pH

Fig. 1(e) and Fig. 1(f) illustrate the correlation between the catalyst loading and H,O, dosage while
maintaining a constant starting pH. Both factors, therefore, favored efficiency in decolorization. Their
interaction, however, indicates that at higher levels, benefits decrease. Maximum efficiency was achieved
with an optimum dose of the catalyst and H,O,. The contour plot, as illustrated, highlights that peak
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efficiency is located at intermediate values that support a trade-off between catalytic activity and hydroxyl
radicals' availability according to Gogate and Pandit [40]. The contour graphs give an in-depth overview of
how to develop the Fenton-like reaction in the best way to degrade MB. Specifically, , the large effects of
initial pH, catalyst loading, and dosage of H,O. interact with each other. These results imply that an
integrated approach must be developed in pursuit of optimal degradation efficiency, as further confirmed
by regression analysis and ANOVA.

3.4 Model validation

Table 5 illustrated the validation experiments of optimized settings for MB degradation. The optimal
settings obtained from the analyses of regression and ANOVA were used and the prediction accuracy and
reliability of the developed model were further tested. The investigated parameters were initially fixed at
an optimum value of pH = 7, catalyst dosage of 10 g/L, and H20, dose of 10 mM. These validation runs
provided the expected values of the actual percentage of MB decolorization, under the experimental
conditions, with a negligible percentage of error. For example, in Run 1, the actual decolorization efficiency
was 99.89%, which was slightly lower than the projected efficiency of 99.94%, resulting in an extremely
small error of 0.05%. The robust match between the experimental and anticipated values confirms the
reliability of the quadratic model for properly forecasting the deterioration of the MB under optimized
settings. The consistently low percentage errors (<5% mistakes) recorded in all validation trials indicate
that the optimized conditions obtained from the model are both dependable and effective for degrading the
MB. The reproducibility of the optimized settings is highlighted by the consistency in the testing results,
which makes them well suited for practical applications in wastewater treatment. The results confirm that
the model is effective in predicting the results of the Fenton-like reaction using FesO4 nanoparticles/PVDF
macrospheres. This ensured that the reaction parameters could be precisely controlled, leading to a high
degradation efficiency.

Table 5. Validation run of the optimized setting for the MB degradation process condition

MB

Catalyst decolorization

Run Initial pH - H,0O, dosage decolorization % error
P loading 2020549 exporohontal (%) - predicted

1 7 10 g/L 10 mM 99.89 99.94 0.05

2 7 10 g/L 10 mM 98.76 99.94 1.18

3 7 10 g/L 10 mM 98.55 99.94 1.39

4 7 10g/L 10 mM 98.64 99.94 131

5 7 10 g/L 10 mM 99.23 99.94 0.71

4. CONCLUSION

The focus of the present study aimed to enhance the breakdown of methylene blue (MB) dye by utilizing a
heterogeneous Fenton-like reaction involving FesO04 nanoparticle/PVDF macrospheres. By employing the
Response Surface Methodology (RSM) and Box-Behnken design (BBD), the study determined the best
circumstances for obtaining a degradation efficiency of 99.94%. These settings included a pH of 7, a
catalyst concentration of 10 g/L, and H2O; concentration of 10 mM. It can be observed from the output of
regression analysis and ANOVA that the factors, in particular pH, played an influential role. The model
was reliable enough as there is a fair relationship between the predicted and actual values. This approach
ensures the rate and efficiency of the catalytic system toward large-scale treatment of wastewater, yielding
good quality water with minimal contamination. The stability of the catalysts has to be ascertained by
further studies, which also should also determine the order of degradation of other pollutants.
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